The effect of annealed (0001) α-Al 2 O 3 surfaces on heteroepitaxial growth of silver nanoparticles were analysed by reflection high-energy electron diffraction, transmission electron microscope and selected area electron diffraction. Ag nanoparticles were deposited on 1 × 1 stoichiometric and reconstructed (111)Al//(0001) α-Al 2 O 3 with the Knudsen cell. The maximum cluster density method and the Lifethenz theory of Van der Waals energy were used to investigate the Ag//(0001)α-Al 2 O 3 interface parameters. The growth modes, lattice parameters, nanoparticle forms and sizes are strongly dependent on the substrate surface structures. Initially, three-dimensional islands of Ag nanoparticles grow on both kinds of surfaces with partial hexagonal shapes. Ag nanoparticles on stoichiometric surface create the (111)Ag//(0001)α-Al 2 O 3 interface without any preferred epitaxial direction. On this surface, Gaussian distribution is characteristic of an atom-by-atom growth mode with density of Ag nanoparticles lower than saturation density while a coalescence growth mode appears due to binary collisions between Ag nanoparticles accompanied by a liquid-like behaviour after saturation density. In case of reconstruction substrates, the epitaxial relationships between Ag nanoparticles and the surface are formed (111)Ag// (0001) • around the epitaxial orientations 1100 or 1230 . Only the atom-by-atom growth mode were found at all Ag nanoparticles growth processes.
Introduction
Advances in nanomaterial technologies allow the synthesis of well defined nanoscaled solid objects. These so--called nanoparticles (NPs) or clusters, they are fabricated with high reproducibility. Metal-oxide and other ceramic surfaces covered by metal NP films play an important role in many fields of nanomaterials technologies, including metal-matrix composites in various nanoelectronic uses, quantum dots, heterogeneous catalysis, etc. [1, 2] . In all cases, the interfacial region between metal and oxide at the atomic scale is vital to ensure a continued and controlled improvement of these materials and of their use in different technological devices [1] [2] [3] . The most technologically widespread metalceramic systems are noble metals//α-Al 2 O 3 especially silver NPs//(0001)α-Al 2 O 3 system for its many applications as an antimicrobial, antibacterial, antibiotic, antifungal agents, fibres, polymers, first aid bandages, plastics, textiles, nanodevices and gas sensors [1] [2] [3] [4] [5] [6] [7] . Growth mode, crystalline structure, morphology, grain size and other properties of silver powder or thin films on α-Al 2 O 3 surfaces started to be studied in the 1980s. Various tech- * e-mail: scientific@aec.org.sy, aamohammad@aec.org.sy niques make possible the determination of the crystallographic and electronic structure of (0001) α-Al 2 O 3 surfaces and giving evidence that the surface structure is modified by thermal treatments [5] . It has been shown in Refs. [8] [9] [10] [11] that the thermal treatments under vacuum are responsible for the (0001) α-Al 2 O 3 surface reducibility. Generally, an increase in annealed temperature of α-Al 2 O 3 surfaces results in formation of a thin aluminium-rich layer giving the excitation of aluminium surface plasmons. An important change in silver NPs properties as particles sizes, shapes, growth modes occur in the structural deformations of α-Al 2 O 3 surfaces.
The purpose of this work is to understand the effect of the structure modifications of the (0001) α-Al 2 O 3 surfaces on growth parameters of Ag NPs. The reflection high-energy electron diffraction (RHEED), transmission electron microscopy (TEM) and compatible selected area electron diffraction (SAED) were used in study of growth modes, adsorption energies, lattice parameters and heteroepitaxial relationships of Ag NPs//(0001) α-Al 2 O 3 systems.
Experimental
The α-Al 2 O 3 samples are thin slides cut in single alumina crystal grown by the Czochralski method and chem-(679) ically polished. Specimens are cut so that the (0001) crystallographic plane is parallel to the surface. After cleaning in alcohol, the (0001) α-Al 2 O 3 surfaces were annealed under vacuum better than 10 −3 Pa for 3 h at 1100 K (A substrates) or 2000 K (B substrates). We have tested the surface composition, the morphology and the crystallographic structure using the Auger electron spectroscopy (AES), atomic force microscopy (AFM) and RHEED methods.
The silver NPs are carried out from the Knudsen cell simultaneously on the A and B substrates in a high vacuum chamber (Elettrorava, Italy). The A and B substrates have the same size (5 mm × 5 mm × 0.3 mm) and are placed near one to another on the same heating support at a distance of 15 cm from the vapour source. In each experiment, the two substrates received the same quantity of silver. They were at the same deposition temperature T d = 550 K and the same pressure P ≈ 10 −4 Pa. The deposition rate and the mean deposit thickness were monitored by a quartz balance at a rate of 0.3-0.4 ML/min (1 ML = 1.407 × 10 15 atoms/cm 2 : (111) Ag). For the purpose of determining the maximum particles density N s of Ag NPs the mean deposit thickness was varied from 0.5 to 5 nm with a step of 0.5 nm. The morphology and crystalline structure of substrate surfaces and silver NPs were investigated by means of RHEED (Elettrorava, Italy), TEM and SAED (Siemens102, acceleration voltage 125 KV). The RHEED system configuration enables us to observe the diffraction pattern during the epitaxial growth of Ag NPs. The A and B substrates are fixed on a movable sample holder permitting to heat them, to measure their temperatures and to change the angle of incidence beam as well as the azimuthal direction of electron beams. All the RHEED patterns of substrates before and after Ag NPs deposition were effected in situ (the annealing of substrates and the Ag NPs deposition in the same vacuum system). The Ag NPs were detached from substrates at each step using a carbon replica and HF acid method and examined by TEM. The results of TEM and RHEED methods are identical before and after detaching the replica using HF acid. The RHEED and SAED patterns were digitised using computer systems with a CCD camera in order to obtain the crystallographic structure during the growth processes.
Results

Structure of (0001) α-Al 2 O 3 surface
Before the deposition processes the substrates were tested by AFM and RHEED methods. While the non--annealed surfaces exhibit an important roughness (mean value 25 nm), the surfaces annealed at 1100 K are composed of large grains (200 nm) limited by etched grain boundaries with a reduced roughness (mean value 10 nm). We observed RHEED patterns with the Kicuchi lines and Laue zones characteristic of a (1 × 1) α-Al 2 O 3 bulk stoichiometric structure. The (0001) α-Al 2 O 3 surfaces annealed at 2000 K exhibit large facets separated by multiatomic steps. On these surfaces, the RHEED observations give rather good diffraction patterns characteristic of a flat surface and provided by large (111) aluminum facets. Details are given in Refs. [5, [8] [9] [10] [11] . The reconstructed surface has been already observed by LEED and interpreted as a result of non-stoichiometry of α-Al 2 O 3 surface layers and ordering of oxygen vacancies [12] .
Silver nanoparticles granulometry
The results on Ag NP granulometry were obtained in experiments on both A and B surfaces. The particle densities evaluated from the electron micrographs, considering that the densities are measured on substrate surface areas free of steps or defects, which can be revealed by no homogeneities in the particle repartitions. For Ag NPs on both A and B substrates, it was noted that the saturation thickness was 2 nm. At this thickness the substrate surface had a maximum particles density N s . At the thickness smaller than 2 nm some nucleation sites on substrates were empty. At the thickness larger than 2 nm some particles were coalesced. This operation resulted in some empty sites on substrates. Figures 1 and 2 represent micrographs, SAED patterns, size distributions and histograms of the Ag NPs obtained respectively from the A and B substrates at the saturation thicknesses (2 nm). It appears that the Ag NPs density is larger on A substrate than that on B one. It is evident that the growth kinetics depend on the surface structure induced by different annealing. However, the shapes of size histograms are characteristic of the growth mechanism [13] [14] [15] . The histogram corresponding to the Ag NPs on A substrate is composed of two peaks: a small peak fitted by a Gaussian curve and a large one fitted by a log-normal curve. The fitting of histogram which is characteristic of the Ag NP size on the B substrate exhibits only one peak corresponding to a Gaussian distribution. The main granulometric characterisations of deposits on the two kinds of substrate A and B are summarised in Table I .
Ag NPs//(0001)α-Al 2 O 3 heteroepitaxial relationships
The SAED patterns corresponding to the Ag NPs on A substrate exhibit strong220 ring which is consistent with Ag NPs having their (111) plane parallel to the substrate without any azimuthal orientation, Fig. 1a . In case of B substrate, Fig. 2a , epitaxial patterns exhibit the220 diffraction spots with ring arc shaped corresponding to a central angle of about 12
• . Generally, the RHEED patterns corresponded to the Ag NPs on A substrate exhibit rings with good contrast characteristic of small crystallites and most of them have a (111) plane parallel to the substrate surfaces. The RHEED patterns of the Ag NPs on the B substrate exhibit spots like diffraction by transmission, which indicated formation of three-dimensional NP growth. Figure 3 shows the RHEED patterns and corresponding simulated diagrams of Ag NPs grown on A A similar mode of growth on alumina has been observed previously for Rh and Au [16] and for Pd on mica [17, 18] .
The values of planes spacing d plane indices) in the 1 10 or 111 directions during the growth processes were measured using the intensity profile distance between diffraction spots of the RHEED and SAED patterns. The planes spacing was determined relative to the substrate lattice by measuring the distances between spots in parallel and perpendicular directions to the substrate surfaces. The evolution of the d 
Discussions
Granqvist et al. [19] [20] [21] [22] have shown that the particle size distribution following a log-normal function results from a coalescence growth mode due to binary collisions between particles accompanied by a liquid-like behaviour while the Gaussian distribution is characteristic of an atom-by-atom growth mode. Experiments of growth of small metal NPs on oxide substrates have shown that the particle size distribution is influenced by post-nucleation phenomena, in particular by the coalescence. The coalescence is either dynamical resulting from the mobility of small NPs on the substrate surface or static resulting from contact between large neighbouring NPs after lateral growth. Several papers [18, [23] [24] [25] [26] [27] [28] have been reported that the dynamical coalescence was first studied by Mac Laughan and proved experimentally by Masson, and the mobility coalescence was introduced into the nucleation theory by Zinsmeister, Venables and Kashchiev. The mobility coalescence was introduced into the nucleation theory by Zinsmeister, Venables and Kashchiev [18, [23] [24] [25] [26] [27] [28] . They have shown that the static coalescence is described by deformations in NP forms and only one peak in the size histogram which is fitted by a log--normal curve, while mobility coalescence is described by two peaks which are fitted by Gaussian curve with small size and log-normal curve with deformations in NP forms. Experiments of nucleation and growth of metal deposit on alkali halides have similarly shown that this phenomenon depends on the substrate temperature [29] and on the NP size, so that small NPs can coalesce at room temperature [30] [31] [32] [33] [34] [35] . The experimental histograms show that the size distributions of Ag NPs are influenced by the mobility coalescence, which causes the presence of two peaks in the size histogram corresponding to a deposit on A substrate where the NPs density is large. Due to the mobility coalescence some NPs disappear and the corresponding nucleation sites become free for renucleation. Therefore, we make the hypothesis that the total number of Ag NPs is constant and corresponds to the observed maximum density N s of Ag NPs on the substrate.
TABLE II
Adsorption energy E a of Ag NPs on stoichiometric and reconstructed (0001) α-Al 2 O 3 surfaces (A and B substrates) evaluated from the maximum cluster density method and from the VdW energy of metal-oxide interface with the Lifethenz continuum approximation.
A (1100 K) 0.39 (8) The crystalline relationships between silver NPs and α-Al 2 O 3 surfaces depend on two effects: the first is the mismatch (f ) at the Ag//(0001) α-Al 2 O 3 interface, the second is the adsorption energy E a of at the interface [3, [33] [34] [35] . We evaluated E a from the maximum cluster density method (Eq. (1)) and from the Van der Waals (VdW) energy of metal-oxide interface with the Lifethenz continuum approximation (Eq. (2)). Table II resumes the results of E a in the case of Ag NPs on stoichiometric and reconstructed (0001) α-Al 2 O 3 surfaces [3] ;
where q = 
where C = for London dispersion interactions (α j and I j are the electronic polarisability and ionisation potential of the j-th species, respectively, when j = 1, 2).
We consider that the misfits are adaping an elastic strain in the first stages of the silver growth [3] . When E a is large, the energy of VdW between silver atoms and the substrate is large, the atoms which make the first layer of an Ag NP will take a crystallographic form, which is very similar to atom distributions of the surface substrate. Therefore, if the forms of substrate surfaces and the surface joining of deposit are more different the crystal parameters of interface are more different than the massive ones. From these discussions we can see the role of E a that can explain the changes of the silver lattice parameter in the first nucleation stage. First silver atoms make the strongest VdW bounds with substrate atoms. Since the interfaces have elastic misfits and the silver atoms will nearly have the same positions of the substrate sites (Ag NPs on stoichiometric (0001)α-Al 2 O 3 surface). For the second or higher Ag atomic layer, the VdW energy and the misfit values decrease. The Ag lattice parameter increases until bulk state is reached. These changes are in agreement with the experimental, Fig. 4 and Table I. In case of Ag NPs on reconstructed (0001)α-Al 2 O 3 surfaces there is a perfect agreement between the adsorption sites on the substrate and the (111) silver plane, the value of the VdW energy is smaller, thus the nucleation and growth processes develop without deformations in the silver parameter. The RHEED and SAED data made it possible to draw the model of heteroepitaxial relationships between silver NPs and the reconstructed (0001) α-Al 2 O 3 surfaces, these models are presented in Fig. 5 . It represents the basal plane of the silver over layer onto the (0001) α-Al 2 O 3 stoichiometric and reconstructed surfaces. The bulk lattice parameters of substrates and Ag NPs were used for the model constructions. The models show the probable orientations and crystallographic symmetry of the silver NPs relative to the structure of substrate surfaces. Finally, this work confirms an important result which is: the growth of Ag NPs on the stoichiometric (0001) α-Al 2 O 3 surfaces likes the 3D islands growth of metal-insulator system, while this growth on the (0001) α-Al 2 O 3 reconstructed surfaces is similar to the heteroepitaxial growth of metal-conductor.
Conclusion
After vacuum annealing of the (0001) α-Al 2 O 3 surfaces, stoichiometric structures 1 × 1 and reconstruction ones (111)Al//(0001)α-Al 2 O 3 appeared for the annealing of 1100 K and 2000 K, respectively. The growth of Ag NPs is carried out for several thicknesses. The heteroepitaxial relations observed between NPs and substrates suggest that the misfit and the interface energy between particles and the substrate surfaces determine the interface formation. These reasons lead to that the growth of silver NPs on the 1 × 1 of (0001) α-Al 2 O 3 surfaces will give more interface dislocations than on reconstructed surfaces. The VdW theory of interface energy matches well the Ag NPs//α-Al 2 O 3 couple to explain the heteroepitaxial growth at interface. The Ag NPs grow on the stoichiometric (0001) α-Al 2 O 3 surfaces with 3D islands growth mode but they grow on the (0001) α-Al 2 
